Within the IEB framework, the Chair of Energy Sustainability promotes research into the production, supply and use of the energy needed to maintain social welfare and development, placing special emphasis on economic, environmental and social aspects. There are three main research areas of interest within the program: energy sustainability, competition and consumers, and energy firms. The energy sustainability research area covers topics as energy efficiency, CO2 capture and storage, R+D in energy, green certificate markets, smart grids and meters, green energy and biofuels. The competition and consumers area is oriented to research on wholesale markets, retail markets, regulation, competition and consumers. The research area on energy firms is devoted to the analysis of business strategies, social and corporative responsibility, and industrial organization. Disseminating research outputs to a broad audience is an important objective of the program, whose results must be relevant both at national and international level.
Introduction
Most modern economic activities related to production, distribution and consumption require energy to be accomplished efficiently. Consequently, energy is fundamental for the prosperity of any contemporary society. To be used as an input for diverse economic and social activities, energy is produced from many sources, distributed through several systems and consumed in a wide range of forms.
Demand and supply of energy vary across countries around the globe depending mainly on geographic, economic and political characteristics. These sets of factors, and maybe others not listed, determine the costs associated to the supply of energy and the intensity of its use. Technology can be used to reduce the cost per unit of energy or to improve the energy requirements to carry out activities and thus is welfare improving.
As with many other economic activities, the energy industry generates externalities -unintended positive or negative consequences on other economic and social agents that are not captured by the price mechanism. In this respect, some energy sources have important negative effects on the environment. For instance, green house gas (GHG) emissions and other pollutants are produced by the combustion of fossil fuels. Oil spills and additional by-products of refining discharged in lakes, rivers and the sea account for a significant amount of water pollution. To correct these market failures, environmental policies are needed to balance out marginal costs and benefits of environmental protection. Technologies such as carbon capture and sequestration (CCS) and flue-gas desulfurization (FGD) to name just two of the most widely known inhibit C02 and S02 emissions respectively.
According to Carraro et al (2010) , by changing relative prices, environmental policies induce technical change towards so called clean technologies. These are technologies that are supposed to deliver the same amount of goods and/or services with less environmental degradation. The change in relative prices comes from the application of different policy tools that normally lie within two broad groups: market instruments and command and control instruments. The latter refer to measures that establish constraints on the volume of pollution each agent can generate. The former set up explicit prices for negative environmental externalities by mans of taxes, tradable pollution permits or fees, among others.
The mitigation of these negative environmental effects produced by the energy industry and related activities can also be tackled from the perspective of technology policy. In this case, for instance R&D subsidies for clean technologies can be designed to promote complementary private investments to develop new inventions or modifications to existing ones that alleviate the negative environmental impacts of human activities. Both environmental and technology policies are justified by the existence of two different types of externalities, a situation normally referred to as the "double externality problem" (Carraro et al., 2010 ).
The case for environmental policy comes from the fact that without appropriate incentives, agents will not be able to benefit from their efforts to protect the environment and this generates an above-optimal level of pollution. The externality associated to R&D and innovations policies relies on the appropriability argument, stating that once the knowledge supporting a new technology or invention is disclosed, it is available to other agents to copy it negatively affecting the benefits to the inventor causing a sub-optimal level of R&D investment. This brief discussion makes clear that energy and the environment are naturally linked by technology. In this respect, energy policies, environmental policies and technology policies are strategically interconnected and each one has to be designed taking the others into account to enhance their effectiveness.
By promoting the generation of novel clean technologies, environmental policy is said to induce eco-innovations. The bulk of the literature has been concerned with the role of environmental policy to promote the development of new technology by means of innovation 1 . However, an additional approach would be to consider that relevant advances in the mitigation of environmental impact could also be obtained by the appropriate diffusion of existing environmental technologies.
Diffusion of new technology is known to be a slow process. Jaffe et al. (2002) indicate two potential factors that explain this pattern. On one hand, the expected value of the new technology will vary with the heterogeneity of potential adopters. If adopters are very different, the penetration rate of the new technology will be normally low, at least during the first stages of its development. On the other hand, the adoption of new technology implies an uncertain amount of risk. Prior to adoption, information regarding the relevant characteristics of the novel technology would have to have been diffused first. In addition, Carraro et al. (2010) argue that uncertainty also enters the slow rate of technology diffusion equation. When agents observe a rapid rate of innovation, they will expect a fast degree of technological obsolescence and hence they will be reluctant to adopt the technology. These authors also assert that there is sufficient evidence to support the notion that environmental policy is a relevant instrument to promote innovation and enhance diffusion of novel environmentally-friendly technologies. Here, we will look at the diffusion of knowledge related to environmental technologies developed within the oil and gas industry.
Since its origins, the petroleum industry has undoubtedly contributed to the world's economic growth, to the generation of wealth, has enhanced prosperity and has certainly pushed the standards of living in many countries. In spite of substantial penetration of renewable energies in recent years, the sector has remained central to the energy industry for decades, and it is expected it will maintain this role for some time into the future (IEA, 2013). For instance, it covers nearly all of the energy requirements for transportation in the world and supplies a vast amount of raw materials for chemical products and processes (Hughes and Rudolph, 2011) . The oil shocks of the 1970s have been the sole disruptions to an otherwise always increasing production trend during the 20 th and the 21 st centuries. Moreover, higher demand from developing countries will keep the production trend up, according to the conservative scenario for 2035 elaborated by the International Energy Agency (IEA, 2013).
In this paper we focus on the diffusion of patented oil and gas technologies, with an especial focus on the environmental uses these inventions declare to have. Since the petroleum industry 2 is responsible for an important amount of the adverse impact on the global environment, knowing to what extent inventions developed within this sector embrace environmentally friendly uses is of great importance to the design of future energy and environmental policies as well as to inform international climate change negotiations.
To study knowledge diffusion from oil and gas inventions we rely on forward patent citations. Our data consists on the universe of patent applications filed between 1990 and 2010 related to the oil and gas industry. The dataset consists of half a million patent applications and around 200.000 patent families. We define the exclusive use of oil and gas patent when it only contains IPC codes related to oil and gas activities. These patents diffuse faster (are more cited) than inclusive patents -those that include uses outside the industry. The results show, first, the absence of relevant knowledge externalities derived from patented oil and gas technology since the majority of this knowledge remains within the industry.
Importantly, oil and gas patents with environmental applications are only a small fraction of applications in this sector and receive fewer citations than either inclusive patents in other fields or exclusive patents. Second, by separating the nature of the citing patent, we show that the probability of a non oil and gas patent citing oil and gas patent is higher when the patent is not exclusive and especially when it includes links to environmental technologies. These results suggest some orientations to reinforce the effectiveness of both environmental and technology policies.
The paper is organized as follows. In Section 2 we describe the data, we discuss the advantages and drawbacks of patents as measures of technology inventions and we clarify how citations can be used to track technological diffusion. We also expose the empirical methodology to be used in the analysis of forward patent citations in the oil and gas industry. The results are then presented in section 3 along with some discussion. Finally, section 4 contains the main conclusions of the research.
Here, particular emphasis is put on the policy dimension.
Methods
In this section we first describe the dataset used to analyse the diffusion of patented oil and gas technologies and we discuss some advantages and some drawbacks of patents as indicators of invention. In addition, we conduct an explanatory and descriptive analysis of the data. Finally, we explain the methodologies we use for the empirical analysis of forward citations, namely a count data model to assess citation counts and a multilevel model in order to capture the characteristics of both the citing and the cited patents.
Patents data and exploratory analysis
The objective of this paper is to analyse the diffusion of patented oil and gas technologies. Several indicators are available for that purpose, but following a long tradition in the literature on economics of innovation, we will focus on forward citations to examine the extent of knowledge spillovers arising from oil and gas inventions.
Patent data have a number of attractive features for the analysis of the interactions between technology and the environment (Popp, 2005) . For example, the technological breakdown for which patents are available is quite detailed, making them a suitable indicator for the analysis of technology invention and diffusion.
Moreover, patents contain citations to previous inventions, as patent applicants are required to include references to previous patents that have been used to develop the new technology or knowledge described in the patent. Hence, they represent a form of knowledge and/or technology flows. However, there are also some issues to take into account. Not all inventions are patented, so patent citations may underestimate the real amount of knowledge spillovers. Self-citations are also a concern, since they represent internalised knowledge transfer different from true Table 1 shows the number of applications, families and citations extracted from the database and referred to the petroleum industry according to the DWPI. Table 1 exclusive patents containing only any of the above mentioned IPC codes related to oil and gas (column 2 in table 2); ii) inclusive patents, defined as patent documents containing in addition IPC codes from other non-oil and gas uses.
In addition, we constructed a new variable that takes the value one if the citing patent has linkages with environmental technology; in order to assess the likelihood that an original oil and gas patent can be used in the development of environmental technologies to cope with climate change and energy efficiency objectives. Here, we rely on the WIPO IPC-technology concordance table that identifies the nature of the IPC codes and maps them into technological areas -one of these being environmental technologies 3 -. Table 2 shows the share of exclusive and environmental families by sector. On aggregate, around 20% of the oil and gas inventions in the period 1990-2010 were for exclusive use, i.e. without linkages to sectors outside the oil and gas industry. In addition, around 8% of the cited oil and gas families have links with environmental technologies. Around 13% of the citing patents have links with environmental technologies. Once the relevant patent applications (and families) for the oil and gas industry have been identified and selected, we identify and obtain -also from PATSTATthose patent documents that contain citations to the above-mentioned original oil and gas patents. A total of 141,554 patent families contain citations to the original oil and gas patent families identified, generating 661,482 citations overall. As before, it is possible to identify the citing patent IPC code. By doing so, we are able to determine the use of the oil and gas technology and hence we can carry out a thorough analysis of the quality and features of the citing patent. This will be the core of the multilevel econometric analysis in section 2. For now, we concentrate exclusively in the counts of citations by every original oil and gas invention registered in the period 1990-2010. Table 3 indicates that, overall, exclusive oil and gas inventions receive on average 5.4 citations throughout their lifetime while inclusive inventions only receive 3. In addition, inventions with environmental linkages receive only 2.7 citations while inventions not related to the environment receive on average 3.5 citations. Similar patterns are observed by sector. These differences are statistically significant in all cases (at sector level and at the aggregate level). Table 3 accepted that a granted patent is of higher quality that a patent that has not been granted. Table 4 shows information on the quality of cited and citing inventions in the oil and gas industry. In general, we observe that the family size is lower for citing than for cited patents, and that the probability that the invention is granted is higher in the case of cited inventions than for the citing patents. 
Econometric analysis
We will assess the existence and relevance of knowledge spillovers from oil and gas patented technologies by means of two different methodologies. First, we will rely on citation counts to test the existence and significance of intersectoral knowledge spillovers. Second, we will use the characteristics of the citing patents to add more information on the patterns of knowledge diffusion derived from the oil and gas patented technologies. As we already mentioned in previous sections, one fundamental objective will be to analyse the links these patent families have with environmental technologies.
Citation counts
In this sub-section we estimate a simple count data model of the type
where Ci refers to the quantity of citations made to patent i, Ei is a dichotomous variable that indicates if patent i is exclusive -or has environmental uses-or not, the vector Xi includes a set of variables to control for observed characteristics and is the error term. As explained in the previous section, our dataset includes all oil In order to clean the estimates from as many potential confounding factors as possible, we include a number of control variables in Xi. First, differences in patent office practices across time and technological areas may produce artificial differences in citations intensities. We therefore include a full range of patent office and sector fixed effects. Second, the mean count of citations received and made evolve over time. Specifically, there is a problem related to those patents filed in recent years since the time they have been exposed to citations is considerably shorter than for patents filed in the early years of our sample. Hence, a full collection of time effects (filing year) is also included. Finally, we also control for the type of applicant (individual, company, government, university) by including type of applicant fixed effects since their patenting strategies could also differ. This allows us to effectively compare exclusive and/or environmentally related oil and gas patents filed for instance in the EPO in 2000 with inclusive patents -or patents not related to environmental technologies-filed at the EPO the same year.
As we discussed in the previous section, citations can also reflect the intrinsic quality of the patent instead of knowledge flows. To control for this issue we include two widely accepted measures of patent quality. First, we use the patent family size reflecting the number of different patent offices where the same invention has been filed. Second, we use the grant status of the invention indicating if the patent has been granted by the patent office.
Multilevel analysis
To complement the analysis described in the previous sub-section, we identify the main characteristics of the citing patent to control for the observed characteristics of the technology using oil and gas original inventions. For that purpose, we define four dependent variables capturing the different uses of oil and gas technological knowledge which will allow us to analyse the potential knowledge spillovers derived from these patented inventions. The knowledge embedded in the original oil and gas patent applications is defined employing the IPC code(s) included in the patents that cite those original inventions. The dependent variables are: i) OUTER, is equal to 1 if the citing patent includes non-oil and gas IPC codes exclusively and 0 otherwise; ii) MIXED, equal to 1 if the citing patent includes both outer and oil and gas codes and 0 otherwise; iii) INNER, equal to 1 if the citing patent includes solely oil and gas IPC codes and 0 otherwise; and iv) ENVIRONMENTAL, equal to 1 if the citing patent has environmental uses and 0 otherwise. These three variables capture the extent to which knowledge derived in the oil and gas industry spills over other sectors and particularly to inventions related to the environment.
For instance, we will consider that the original oil and gas invention has been used for "outer" purposes if the IPC codes of the citing patents do not include oil and gas ones (those included in table 1). This would be the case of intersectoral spillovers.
In the same line of argument, if the IPC codes of the citing patents include other codes as well as oil and gas codes, we consider that the oil and gas original patent has been used for mixed purposes and generate "shared" spillovers. Finally, when one of these patents has only oil and gas IPC codes we will say that the knowledge embedded in the reference oil and gas invention have had "inner" uses exclusively.
In this case, spillovers are from an intraindustry nature. As before, one particular and interesting case arises within interindustry spillovers when the citing (or cited or both) patents have linkages with environmental technologies (Acosta et al.,
2009).
According to this structure, the independent variables can be divided into two 
Results
In this section we present the results derived from the econometric exercises explained in the previous section. First, we concentrate on and discuss the results derived from the analysis of citation counts. Next, we turn to the explanation of our results regarding the multilevel forward patent citation analysis.
Results from citation counts
Results from equation 1 are shown in table 5. The results from the econometric analysis indicate that, conditional on patent office, application year, sector, type of applicant and quality, exclusive oil and gas inventions have a larger citation count than inclusive oil and gas patents. On average across the different sectors, exclusive oil and gas patents receive around 77% more citations than inclusive patents, with little variation across specifications. Given that the quality measures introduced in specification 3 are strongly statistically significant, this is our preferred specification. Not surprisingly, more quality patents receive more citations as indicated by the two quality variables.
To what extent oil and gas patents related to environmental technologies are cited?
From the previous results we can infer that oil and gas patents linked to environmental technologies will receive fewer citations than exclusive patents since by definition they are in the reference group (oil and gas patents with inclusive use). Table 6 shows the results. In this case, oil and gas inclusive inventions that have links with environmental technologies receive on average around 17% fewer citations than patented oil and gas inventions without links to environmental technologies. Table 5 around here   Table 6 around here
In tables 7 and 8 we present the results from the regressions at the sector level.
Our findings indicate that exclusive oil and gas patents receive between 47% and 91% more citations than inclusive oil and gas patents. Lubricants (column 3) and earth drilling (column 4) exhibit the greatest exclusive invention advantage in terms of citations and also the greatest disadvantage in the case of inventions with environmental linkages. Interestingly, more quality patents systematically receive more citations than less quality patents. The results reveal that the probability that the knowledge embedded in an oil and gas invention diffuses to an invention with inner use (i.e. with exclusive oil and gas uses) is higher when the cited patent has exclusive use. On the other hand, the likelihood that the knowledge embedded in an oil and gas patent diffuses to either mixed uses (i.e. inventions with oil and gas and other uses as well) or outer uses (no uses in oil and gas) is higher when the cited invention is inclusive. Hence, intersectoral spillovers are more likely to occur when the cited patent contains diversified uses whereas intrasectoral spillovers are present when the original patent is restricted to exclusive oil and gas uses. that the probability that the knowledge embedded in an oil and gas invention diffuses to an invention with outer use (i.e. without oil and gas uses) is higher when the cited patent has linkages to environmental technologies. This means that intersectoral spillovers are more likely to occur when the original oil and gas invention has environmental uses. On the other hand, the likelihood that the knowledge embedded in an oil and gas patent diffuses to either mixed uses (i.e.
Results from multilevel analysis
inventions with oil and gas and other uses as well) or inner uses (exclusive uses in the oil and gas industry) is higher when the cited invention has no environmental linkages. In this case, intrasectoral spillovers are more likely when the original patent has no relation to environmental technologies. to the quality of the citing and cited patents. According to our measures of quality, the higher the quality of an oil and gas original patent, the more likely it will be diffused to inner use, the lower the quality of the citing patent will be. Hence, the appearance of intrasectoral spillovers will be more likely. On the other hand, the lower the quality of the original oil and gas invention, the probability it will be used by outer use inventions is higher and, at the same time, the higher the quality of the citing patent will be. Intermediate cases occur with mixed use citations, since both citing and cited inventions are of intermediate quality compared to the extreme cases. Hence, a very interesting pattern emerges, in which intrasectoral spillovers are characterised by high quality cited patents but low quality citing patents -the core of the oil and gas industry-while intersectoral spillovers are defined by low quality cited patents but high quality citing patents. We term this phenomenon as the "turnabout effect", by means of which knowledge diffusion makes low quality patents be used to generate high quality patents and vice versa.
One final step in the analysis rests in computing the probability that an original oil and gas invention that is related to environmental technology generates citations by newer inventions also related to environmental technologies. We identify for each citing patent if it has linkages to environmental technologies and re-estimate equation 2 substituting inner, mixed and outer uses for environmental uses.
Results are presented in table 11. As it can be seen, if the original patent has linkages with environmental technologies, the likelihood that the citing patent also has these types of links increases considerably. The "turnabout effect" is also present in this case: even though the probability that the knowledge embedded in an oil and gas invention diffuses to environmentally-related inventions is higher for low quality original oil and gas inventions, this is offset by the fact that this probability will increase with the quality of the citing patent. Table 12 shows the results. As can be seen from the table, the probability that the citing patent declares to have environmental uses is positive and significantly affected by the fact that the original patent also declares linkages to environmental technologies. This result is robust and occurs in all sectors.
The processing sector behaves exactly as the industry. Here, then, the "turnabout" effect converts relatively low quality original oil and gas patents into high quality citing patents. The drilling sector -the one that concentrates the most observationsshows a partial or incomplete "turnabout" effect since the quality of the citing patent is only partially impulsed -the coefficient on family size is not significant-. A similar situation happens with lubricants, although in this case there is also a mixed quality feature of the original patent, for which the granted status turns out to be not significant.
Finally, the gaseous and liquid fuels sector is the only one in which the citing patent shows lower quality, as the coefficient of the citing family size is negative and statistically significant. However, the corresponding coefficient of the granted status is positive and affects the probability more than proportionally than the decrease derived from the family size effect. These results, on aggregate, indicate that the different sectors -as defined by the IPC codes that form the oil and gas industry-show different patterns with respect to the diffusion of knowledge of the inventions related to environmental technologies. Table 12 around here
Conclusions and policy implications
In this paper we have analysed the diffusion of knowledge generated in the oil and gas industry in the period 1990-2010. To measure knowledge spillovers we use a dataset of more than half a million citations received by 192,284 original inventions. We use two different methodologies. First, we perform simple citation count regressions to assess if oil and gas inventions that have exclusive uses within the sector generate more knowledge spillovers than inclusive inventions (those that also have uses outside the oil and gas industry). Second, we use a multilevel logit to assess intraindustry, shared and interindustry spillovers controlling for both citing and cited patents characteristics. In both cases, we put particular attention to the case of oil and gas inventions that have linkages with environmental technologies.
Our results from the first empirical exercise show that exclusive oil and gas patents are more cited than inclusive patents. This result sheds some light on the existence of intrasectoral spillovers. Inventions made by agents within the oil and gas industry with specific uses to this industry tend to be more cited (used) than diversified knowledge with links to other uses. Particularly interesting are the results concerning inventions with links to environmental technologies, that present a significantly fewer number of citations than those oil and gas inventions no related with environmental technologies. However, our second empirical application reveals more complex diffusion patterns. From those results we learn that the probability that the knowledge embedded in an oil and gas invention diffuses to an invention with inner use (i.e. with exclusive oil and gas uses) is higher when the cited patent has exclusive use. On the other hand, the likelihood that the knowledge embedded in an oil and gas patent diffuses to either mixed uses (i.e. inventions with oil and gas and other uses as well) or outer uses (no uses in oil and gas) is higher when the cited invention is inclusive. Hence, intersectoral spillovers are more likely to occur when the cited patent contains diversified uses whereas intrasectoral spillovers are present when the original patent is restricted to exclusive oil and gas uses.
In the same line of argument, we show that the probability that the knowledge embedded in oil and gas inventions diffuses to an invention with outer use (i.e.
without oil and gas uses) is higher when the cited patent has linkages to environmental technologies. We detect a very interesting phenomenon, where intrasectoral spillovers are characterised by high quality cited patents but low quality citing patents while intersectoral spillovers are defined by low quality cited patents but high quality citing patents. We have named this the "turnabout effect", indicating that knowledge diffusion makes low quality patents be used to generate high quality patents. This phenomenon is also present when considering knowledge diffusion from original oil and gas patents with environmental uses (low quality Note: all estimations include patent office, filing year and type of applicant fixed effects. Robust standard errors in parentheses with *** p<0.01, ** p<0.05, * p<0.1. The dependent variable is the total number of citations received by invention. Note: all estimations include patent office, sector, filing year and type of applicant individual effects. Robust standard errors in parentheses with *** p<0.01, ** p<0.05, * p<0.1. 
